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GRAPHICAL  ABSTRACT 


•  The  oxidation  state  of  cobalt  is  found 
to  stay  at  3+  in  Mg-doped  LiCo02. 

•  Mg  ions  are  found  to  sit  on  the 
transition  metal  layer. 

•  The  oxygen  is  found  to  participate  in 
the  charge  compensation. 

•  A  charge  compensation  mechanism 
and  oxygen  vacancy  is  evidenced  by 
XAS. 
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A  higher  capacity  and  better  cyclability  are  apparent  when  magnesium  is  introduced  into  the  structure  of 
LiCo02  (y  =  0.15).  XRD  analysis  of  LiMgyCoi_y02  [y  =  0,  0.1,  0.15),  synthesized  at  800  °C  using  a  mi¬ 
crowave  assisted  method,  shows  that  the  material  is  in  the  R-3m  space  group  and  to  have  a  slightly 
expanded  unit  cell  that  increases  with  greater  magnesium  doping.  Structural  analysis  by  X-ray  absorp¬ 
tion  spectroscopy  (XAS)  at  the  Co  K-edge,  L-edge  and  O  K-edge  shows  that  the  magnesium  is  located  in 
the  transition  metal  layer  rather  than  in  the  lithium  layer  and  the  charge  balance  results  from  the  for¬ 
mation  of  oxygen  vacancies  rather  than  Co4+,  while  cobalt  remains  in  the  3+  oxidation  state.  Interest¬ 
ingly,  oxygen  is  found  to  participate  in  the  charge  compensation.  Both  magnesium,  in  the  transition 
metal  layer,  and  the  Co-defect  structure  are  attributed  to  the  contribution  towards  structural  stabilization 
of  LiCo02,  thereby  resulting  in  its  enhanced  electrochemical  performance. 
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1.  Introduction 

Rechargeable  lithium  ion  batteries  have  become  the  state-of- 
the-art  power  sources  for  portable  electronics  due  to  their  high 
energy  and  power  densities  and  good  cyclability,  which  makes 
them  prime  candidates  for  electric  vehicles  (EVs)  and  electro¬ 
chemical  storage  systems  utilizing  sustainable  energy  1,2].  LiCo02 
is  commonly  employed  as  a  cathode  material  in  Lithium-ion  bat¬ 
tery,  due  to  its  facile  synthesis  and  high  theoretical  capacity 
(273  mAhg-1)  [3].  However,  it  also  possesses  some  drawbacks  in 
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that  it  delivers  only  half  of  its  theoretical  capacity  i.e.,  140  mAhg-1 
during  cycling,  due  to  structural  instability  while  charging  up  to 
4.2  V,  and  capacity  fading  resulting  from  the  dissolution  of  cobalt  in 
the  UC0O2  structure  [4]. 

In  order  to  stabilize  structural  stress,  the  literature  suggest  two 
important  strategies:  one  is  the  doping  of  suitable  metal  ions  at 
transition  metal  sites,  such  as  Mg  [5,6],  Al  [7]  and  Ti  [8];  the  other 
commonly  suggested  method  is  coating  with  inactive  metal  oxides 
e.g.  MgO  [9]  and  Zr02  [10],  AI2O3  [11  ].  In  practice  the  substitution  of 
Mg  for  Co  may  be  a  better  choice,  due  to  its  light  weight  and  low 
cost. 

In  the  literature,  it  has  been  reported  that  the  electrochemical 
properties  of  UC0O2,  such  as  capacity  and  stability,  are  significantly 
enhanced  by  the  addition  of  Mg  [5,6,12-14].  Additionally,  the 
comparatively  larger  radii  of  Mg2+  compared  to  Co3+  enlarges  the 
inter-layer  space,  i.e.  the  so-called  “pillar  effect”  [6,15],  which  re¬ 
duces  the  resistance  to  lithium-ion  movement,  while  preventing 
structural  collapse  when  a  significant  mass  of  lithium  ions  are 
extracted. 

However,  some  issues  remain  with  respect  to  the  Mg  doped 
system.  One  is  the  structure’s  charge  balance;  unlike  Al3+  pos¬ 
sessing  the  same  charge  as  Co3+,  Mg2+  will  cause  the  formation  of 
Co4+  or  an  oxygen  vacancy.  Tukamoto  et  a/.,  have  proposed  that  a 
charge  balance  results  from  the  existence  of  small  amount  of  Co4+ 
[5];  however,  Delmas  et  al. ,  have  suggested  that  charge  compen¬ 
sation  may  be  more  complicated.  Solid  state  NMR  measurements, 
indicate  that  the  oxygen  vacancy  and  the  intermediate  Co3+  state 
balance  the  LiMgyCoi_y02  structure’s  charge;  this  finding  is  sup¬ 
ported  by  a  published  first-principle  computational  study  [16]. 
Similarly,  the  formation  of  oxygen  vacancy  also  takes  place  in  the 
lithium-overstoichiometric  UC0O2  system  [17].  Another  unresolved 
issue  is  whether  Mg  is  sited  in  the  lithium  plane  or  in  the  transition 
metal  plane.  Pouillerie  et  al,  reported  that  in  the  Mg  doped  LiNi02 
system,  some  Mg  will  exist  in  the  lithium  layer  due  to  the  similar 
radii  size  of  Mg2+  (0.72  A)  and  Li+  (0.76  A)  [15].  However,  Dahn 
et  al,  investigated  the  structure  of  LiCo02  with  various  Mg  doping 
amounts  using  the  Rietveld  refinement  and  found  that  none  of  the 
Mg  was  in  the  lithium  layer;  however,  the  XRD  provides  the  in¬ 
formation  more  related  to  long-range  structure.  It  is  helpful  to 
further  discuss  these  issues  by  the  tools  which  could  provide  some 
short-range  information,  such  as  X-ray  Absorption  Spectroscopy 
(XAS). 

XAS  is  a  powerful  technique  to  probe  both  electronic  structure 
and  local  structure  of  cathode  materials.  Information  about  the 
valence  state  of  the  investigated  element  and  its  electron  configu¬ 
ration  can  be  obtained  from  the  X-ray  absorption  near-edge 
structure  (XANES)  region,  whereas  the  extended  X-ray  absorption 
fine  structure  (EXAFS)  region  can  provide  the  local  structure  of 
absorbing  atom  [18,19].  To  investigate  the  above  issues,  both  hard 
and  soft  XAS  were  used  to  provide  detailed  information  related  to 
the  electronic  states  and  local  structure  environments  of  Mg-doped 
LiCo02  synthesized  by  a  microwave  assisted  method. 

2.  Experimental 

Synthesis  of  LiMgyCoi_y02  (y  =  0.1,  0.15)  was  carried  out  by 
mixing  stoichiometric  amounts  of  Li,  Mg  and  Co  acetates  dissolved 
in  a  minimum  volume  of  distilled  water.  The  resulting  concentrated 
metal  ion  solution  was  stirred  continuously  with  slight  warming 
(50  °C)  and  then  transferred  to  a  china  dish  and  irradiated  in  a 
microwave  oven  (2450  MHz,  800  W)  at  50%  power  for  20  min 
creating  a  red  flame.  After  completion  of  the  reaction,  the  product 
was  dried  in  an  air  oven,  calcined  for  4  h  and  ground  for  2  h  to 
obtain  a  pure  phase  LiMgyCoi_y02.  The  synthesized  product  was 
characterized  by  synchrotron  based  XRD  in  beamline  01 C2  at 


National  Synchrotron  Radiation  Research  Center  (NSRRC),  Hsinchu, 
Taiwan.  The  energy  of  the  X-ray  was  set  in  14  keV. 

Hard  XAS  transmission  mode  spectroscopy  was  carried  out  in 
beam  line  17C1  at  NSRRC,  using  a  Si  (111)  double  crystal  mono¬ 
chromator  for  energy  selection  with  high-order  harmonic 
contamination  being  rejected  by  mirrors.  The  intensities  of  the 
incident  and  transmitted  beams  were  measured  using  gas  ioniza¬ 
tion  chambers.  Energy  calibration  was  performed  in  each  scan  by 
conducting  simultaneous  measurements  on  a  reference  Co  foil. 

Data  from  soft  XAS  measurements  were  acquired  in  total  elec¬ 
tron  yield  mode,  for  Co  Lu  m-edge  spectra,  and  in  fluorescence  mode 
for  O  K-edge  spectra  using  an  ultra  high-vacuum  (UHV)  chamber 
with  a  base  pressure  of  1  x  10-10  Torr.  The  detection  depths  for  the 
fluorescence  mode  and  the  total  electron  yield  mode  are  around 
3000  A  and  smaller  than  50  A  respectively,  and  the  information 
obtained  from  these  modes  originates  mainly  from  the  surface  and 
the  bulk  of  the  particle  respectively  [20]. 

Standard  procedures  were  followed  to  analyze  the  EXAFS  data. 
First,  the  raw  absorption  spectra  in  the  pre-edge  region  were  fitted 
to  a  straight  line  and  the  background  above  the  edge  was  fitted  with 
a  cubic  spline.  The  EXAFS  function,  %,  was  obtained  by  subtracting 
the  post  edge  background  from  the  overall  absorption  and  then 
normalized  with  respect  to  the  edge  jump  step.  The  normalized 
X{E)  was  transformed  from  energy  space  to  k  space,  where  k  is  the 
photoelectron  wave  vector.  The  xW  data  were  multiplied  by  k3  to 
compensate  for  the  damping  of  EXAFS  oscillations  in  the  high-/< 
region.  Subsequently,  /<3-weighted  x(/<)  data  in  the  k  space  ranging 
from  3.2  to  13.4  A  were  Fourier  transformed  (FT)  to  r  space  in  order 
to  separate  the  EXAFS  contributions  from  different  coordination 
shells.  A  nonlinear  least-squares  algorithm  was  applied  for  curve 
fitting  of  EXAFS  in  r  space  between  1.04  and  4.0  A.  All  the  computer 
programs  were  implemented  in  the  UWXAFS  3.0  software  package 
with  the  backscattering  amplitude  and  the  phase  shift  for  specific 
atom  pair  theoretically  calculated  by  using  FEFF7  code  [21]. 

The  cathode  electrode  was  prepared  by  a  slurry  coating  proce¬ 
dure  from  a  mix  comprising  80  wt%  active  materials,  10  wt%  acet¬ 
ylene  black  and  10  wt%  polyvinylidene  fluoride  (PVDF)  binder  in  N- 
methylpyrrolidone  (NMP)  solvent.  The  slurry  was  coated  over  an 
aluminum  foil  and  dried  under  ambient  condition  overnight  and 
pressed  under  a  10  tons  load.  Discs  (18  mm  diameter)  were  cut  and 
dried  under  vacuum  at  120  °C  for  12  h.  Coin  cells  (2016  type)  were 
assembled  in  an  argon  filled  glove  box,  using  the  cathode  disc  in 
conjunction  with  lithium  as  the  counter  and  reference  electrode.  A 
Celgard  2400  separator  was  used  with  LiPF6  in  1:1  EC/DEC  being 
used  as  the  electrolyte.  The  charge-discharge  measurements  of  the 
coin  cells  were  carried  out  using  a  programmable  battery  tester  at 
constant  current  rate  of  0.1  C  for  20  cycles  in  the  potential  range 
3.0— 4.2  V. 

3.  Results  and  discussion 

3.1.  X-ray  diffraction 

Fig.  1  shows  the  XRD  patterns  of  LiMgyCoi_y02  (y  =  0.1,  0.15) 
cathode  materials  calcined  at  850  °C.  All  the  peaks  could  be  indexed 
to  a  oc-NaFe02  type  layered  structure  having  the  R-3m  space  group. 
The  small  peaks  show  in  —42  and  —63°  are  identified  as  slight 
existence  of  MgO  impurity  for  the  LiMgo.1Coo.9O2  and  LiMgo.15- 
C00.85O2  samples.  Since  the  amount  of  the  MgO  impurity  is  insig¬ 
nificant,  it  might  not  affect  the  electrochemical  properties  of  the 
Mg-doped  materials.  The  high  intensity  reflections  of  both  pat¬ 
terns  indicate  the  products’  highly  crystalline  nature.  Additionally, 
Mg  doping  leads  to  a  slight  expansion  of  inter  atomic  distance 
within  a  Co02  layer  and  an  expansion  in  the  interplanar  distance 
between  the  Co02  layers.  This  trend  has  previously  been  noted 
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Fig.  1.  XRD  patterns  of  LiCo02  and  LiMgyCoi_y02  (y  =  0.1,  0.15)  cathode  material 
calcined  at  850  °C. 

[  13,22 ]and  has  been  ascribed  to  the  larger  ionic  radii  of  Mg2+ 
(0.72A)  replacing  Co3+  (0.57A). 

3.2.  Electrochemical  properties 

Fig.  2  shows  charge/discharge  curves  of  LiMgyCoi_y02  calcined 
at  850  °C,  cycled  between  potential  limits  of  3.0-4.2  V  at  0.1  C.  The 
discharge  capacities  of  Mg-doped  UC0O2  materials  are  162  and 
145  mAhg-1  (for  x  =  0.15  and  0.10  respectively),  whereas  UC0O2 
cathode  material  synthesized  by  the  same  method  delivers  a 
discharge  capacity  of  125  mAhg-1  at  0.1  C  [12].  In  the  case  of  doped 
material,  the  Mg2+  occupancy  in  the  inter-slab  space  with  Co3+ 
facilitates  the  movement  of  Li+  ions  beyond  4.2  V  Fig.  3  shows  the 
cycle  number  versus  the  discharge  capacity  of  LiMgyCoi_y02 
cathodic  material  over  20  cycles  at  0.1  C.  The  20th  cycle  discharge 
capacities  were  146  mAhg-1  and  125  mAhg-1  (forx  =  0.15  and  0.1 
respectively)  representing  only  a  13%  capacity  fade,  compared  to 
UC0O2,  where  the  20th  cycle  discharge  capacity  was  80  mAhg-1 
with  a  capacity  fade  of  36%.  The  capacity  fade  of  Mg-doped  LiCoC^ 
is  relatively  small  compared  to  previous  reports  [23-26]. 

3.3.  CoK-edgeXAS 

Fig.  4(a)  shows  the  normalized  Co  K-edge  XANES  spectra  for 
UC0O2  and  LiMgyCoi_y02.  The  Co  K-edge  XANES  spectrum  arises 


Fig.  3.  Cycling  performance  of  LiCo02  and  LiMgyCoi_y02  (y  =  0.1,  0.15)  cathode  ma¬ 
terial  at  0.1  C  rate  in  the  voltage  range  from  3.0  to  4.2  V. 


from  transitions  of  the  Is  core  electron  of  Co  to  excited  vacant 
bound  states  in  accordance  with  symmetry  rules.  The  pre-edge 
absorption,  peak-A,  is  assigned  to  a  formal  electric  dipole- 
forbidden  Is  to  3d  transition,  which  gains  peak  intensity  from 
pure  electric  quadrupole  coupling  and  3d-4p  orbital  mixing,  due  to 
the  non-centro-symmetric  environment  of  its  slightly  distorted 
C0O6  octahedral  site.  The  absorption  peak-B  can  be  assigned  to  a 
shakedown  process  involving  the  Is  to  4p  transition  followed  by 
ligand-to-metal  charge  transfer  (LMCT).  The  well  resolved 


Fig.  2.  Charge/discharge  curves  of  LiCo02  and  LiMgyCoi_y02  (y  =  0.1,  0.15)  cathode  Fig.  4.  (a)  Normalized  Co  K-edge  XANES  and  (b)  Fourier  transformed  Co  K-edge  EXAFS 
material  calcined  at  850  °C  in  the  first  cycle.  spectra  of  LiCo02  and  LiMgyCoi_y02  (y  =  0.1,  0.15)  cathode  material. 
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absorption  peak-C  arises  due  to  the  dipole-allowed  Is  to  4p  tran¬ 
sition.  Peaks  B  and  C  correspond  to  two  final  states  of  ls1c3d7L4p1, 
which  result  from  shakedown  processes  by  ligand-to-metal  charge 
transfer,  and  a  ls1c3d64p1  state  formed  without  a  shakedown 
process,  where  c  and  L  are  a  1  s  core  hole  and  a  ligand  hole.  Peak  B 
occurs  as  a  shoulder  in  the  lower-energy  region,  as  the  Is  core 
electron  of  the  3d7L  state,  when  compared  to  the  3d6  state,  is  less 
strongly  bound.  The  edge  excitation  energy  observed  for  both  the 
pristine  and  Mg  doped  UC0O2  samples  are  the  same.  The  more 
precise  position  could  be  found  in  the  1st  derivatives  of  the  edge, 
shown  in  Figure  SI-1,  which  all  the  inflexion  points  do  not  move. 
This  result  indicates  that  doping  with  Mg  does  not  cause  a  change 
in  the  oxidation  state  of  the  Co  atom  which  is  3+  and  implies  an 
oxygen  vacancy  may  be  responsible  for  the  charge  balance  rather 
than  the  existence  of  Co4+.  A  closer  examination  of  the  pre-edge 
region  (peaks  A)  could  also  confirm  the  peak  position  for  all  sam¬ 
ples  are  the  same,  besides,  after  a  background  subtraction,  shown 
in  Figure  SI-2,  the  intensity  of  the  pre-edge  peak  increases  as  a 
doping  amount  increases.  The  intensity  of  the  pre-edge  represents 
the  symmetric  of  the  structure.  A  higher  symmetry  results  in  a 
smaller  pre-edge  peak.  This  result  indicates  with  Mg  doping,  the 
crystal  structure  was  slightly  distorted  either  by  Mg  doping  and/or 
by  the  formation  of  oxygen  vacancies. 

Fig.  4(b)  shows  the  Fourier  transformed  (FT)  spectra  at  the  Co  I<- 
edges  for  UC0O2  and  LiMgyCoi_y02  samples.  Four  scattering  paths 
based  on  the  crystal  structure  were  observed.  From  XRD  studies, 
layered  LiMgyCoi_y02  exhibits  an  ideal  symmetry,  i.e.  the  hexago¬ 
nal  R-3m  space  group.  In  the  crystallographic  structure,  the  lithium 
atoms  occupy  a  3a  site  with  the  coordinates  (0,  0,  0),  the  magne¬ 
sium  and  cobalt  atoms  occupy  a  3b  site  with  the  coordinates  (0,  0, 
0.5),  and  the  oxygen  atoms  occupy  a  6c  site  with  the  coordinates  (0, 
0,  x).  According  to  the  symmetry  of  the  hexagonal  system,  FT  peaks 
result  from  single  and  multiple  scattering  paths. 

The  first  peak  at  ca.  1.92  A  is  due  to  the  Co  absorbing  atom 
occupying  the  octahedral  site  surrounded  by  oxygen  atoms  in  the 
first  coordination  shell  (Co-O),  while  the  second  peak  at  ca.  2.82  A 
is  assigned  to  the  contribution  by  Co  and  Mg  atoms  on  the  transi¬ 
tion  metal  layer  (Co-Co  and  Co-Mg).  It  is  clear  from  Fig.  4  that 
there  is  no  significant  difference  in  the  peak  positions  between  the 
pristine  and  Mg-doped  samples.  The  introduction  of  Mg  into  the 
UC0O2  structure  does  not  significantly  change  the  bonding  length 
of  Co-0  and  Co-metal.  Flowever,  the  peak  intensities  of  LiMgy_ 
Coi_y02  are  reduced  with  an  increase  in  the  Mg  content.  The 
reduction  of  the  FT  peak  corresponding  to  the  Co-Co  interaction  of 
LiMgyCoi_y02  may  be  attributed  to  the  replacement  of  Co  by  Mg  in 
the  transition  metal  layer,  as  Mg  atom  has  a  lower  scattering  ability 
than  Co.  In  the  case  of  the  addition  of  Mg  in  the  structure  of  LiCo02, 
we  also  used  CaRIne  3.1  to  simulate  the  structure.  And  we  selected 
LiCo5/6Mgi/602  as  for  standard  crystal  to  simulate  the  model  of  Co- 
0,  Co-Co,  and  Co-Mg  by  FEFF7.  Based  on  the  standard  crystal 
model,  if  we  only  focus  local  structure  within  4  A  around  the  Co 
core  atom,  we  could  obtain  6  coordinate  of  the  Co-0  in  the  first 
shell.  In  the  transition  metal  layer,  there  are  5  coordinate  of  the  Co- 
Co  and  one  coordinate  of  the  Co-Mg  in  the  standard  crystal.  The 
extracted  structural  parameters  for  the  LiMgyCoi_y02  (y  =  0,  0.1, 
0.15)  samples  obtained  by  the  curve  fitting  analysis  are  shown  in 
Table  1.  The  three-shell  theoretical  fit  (scatter  line)  matches  closely 
with  the  back  FT  transformed  experimental  data  (solid  line)  as 
shown  in  Fig.  5.  Good  fitting  quality  indicates  that  the  Co-O,  Co- 
Co,  and  Co-Mg  bonds  are  reliable.  The  changes  of  coordination 
number,  bond  length,  inner  potential  shift  and  Debye-Waller  fac¬ 
tor  for  the  first  shell  Co-0  and  second  Co-Co  shell  were  extracted 
with  different  contents  of  Mg  in  LiMgyCoi_y02.  With  an  increase  in 
Mg  doping,  the  coordination  number  of  Co-0  and  Co-Co 
decreased  gradually.  The  coordination  numbers  of  Mg  doping 


Table  1 

Fitting  results  of  EXAFS  data  at  Co  K-edge  for  LiMgyCoi_y02  samples. 

Samples  Shell  N  Rj  (A)  a2  x  1CT3  AE0  r-factor 

(A2)  (eV) 

UCo02  Co-0  6.0  (±0.01)  1.912  (±0.003)  2.5  (±0.2)  11.2  0.001 

Co-Co  6.0  (±0.01)  2.822  (±0.003)  2.7  (±0.1)  8.7 
LiMgo.1Coo.9O2  Co-0  5.60  (±0.08)  1.917  (±0.003)  4.8  (±0.5)  10.0  0.011 
Co-Co  4.80  (±0.09)  2.826  (±0.004)  3.3  (±0.6)  8.1 
Co-Mg  0.70  (±0.11)  2.880  (±0.005)  8.8  (±0.3)  12.9 
LiMgo.15Coo.85O2  Co-0  5.30  (±0.04)  1.919  (±0.004)  5.3  (±0.2)  7.9  0.021 
Co-Co  4.40  (±0.04)  2.824  (±0.003)  2.3  (±0.6)  10.0 
Co-Mg  0.70  (±0.13)  2.883  (±0.007)  9.9  (±0.4)  14.4 

[Notation]  N:  coordination  numbers;  Rj  (A):  interatomic  distance;  a2  (A2):  Debye— 
Waller  factor;  AE0  (eV):  inner  potential  shift. 

(y  =  0.1  and  0.15)  are  5.60  and  5.30  for  Co-O,  which  provides  ev¬ 
idence  of  the  creation  of  oxygen  vacancies,  thereby  confirming  that 
only  Co3+  exists  in  pristine  Mg-doped  UC0O2.  Besides,  the  increase 
of  the  Debye-Waller  factor  from  2.5  to  5.3  for  the  LiCo02  and 
LiMgo.15Coo.85O2  also  implies  the  Mg  doping  caused  some  distortion 
of  the  local  structure. 

The  FT  peaks  in  the  higher  R  region  arise  from  single  Co-Co  and 
multiple  Co-Co-Co  scattering.  From  the  LixNio.65Coo.25Mno.1O2 
system  reported  by  Hwang  et  al.,  [27]  the  FT  peak  at  ca.  4.5  A  is 
dominated  by  the  contribution  of  six  M-M  scattering  interactions 
within  the  transition  metal  layer  and  six  M-M  scattering  in¬ 
teractions  from  the  two  adjacent  transition  metal  layers.  The  FT 


Fig.  5.  The  three-shell  fits  (scatter  line)  and  back-transformed  experimental  EXAFS 
data  (solid  line)  for  (a)  LiMgo.1Coo.9O2  (b)  LiMgo.15Coo.85O2. 
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peak  at  ca.  5.2  A  is  arises  from  the  focusing  effect  of  multiple  M— 
M— M  scattering  interactions  including  12  collinear  atomic  ar¬ 
rangements,  where  a  second  scattering  atom  lies  collinearly  be¬ 
tween  an  emitting  atom  and  a  scattering  atom.  The  reduction  in  the 
intensity  of  these  two  peaks  can  be  attributed  to  the  lower  scat¬ 
tering  ability  of  Mg  atoms. 

3.4.  CoL-edgeXAS 

The  electronic  structures  of  Co-ion  in  the  LiMgyCoi_y02  system 
were  investigated  qualitatively  using  soft  XAS  to  investigate  the 
peak  shapes  and  chemical  shifts  which  are  very  sensitive  to  the 
oxidation  state,  spin  state,  and  bond  covalence  [28].  Fig.  6(a)  shows 
the  Co  Lnjn-edge  XAS  spectra  of  the  LiMgyCoi_y02  system  with 
respect  to  the  y  value.  The  Lm  and  Ln  edges  corresponded  to  tran¬ 
sitions  from  the  Co  2 p3/2  and  2pi/2  core  electrons  respectively,  split 
by  spin-orbital  interactions  of  the  Co  2p  core  level  to  an  unoccupied 
3d  level  hybridized  with  an  oxygen  2p  orbital.  When  compared  to 
UC0O2,  the  main  peak  of  Co  Lm  and  the  Ln  edges  for  the  Mg-doped 
samples  show  no  shifts  and  remain  located  at  ca.  782.4  and 
796.8  eV,  respectively,  confirming  again  that  the  oxidation  state  of 
Co  in  the  Mg-doped  LiCo02  is  3+.  The  peak  position  could  be  seen 
clearer  when  laying  over,  shown  in  Figure  SI-3.  Additional  peaks 
before  the  main  peak  are  due  to  the  slight  distortion  of  C0O6 
symmetry  [29],  which  may  be  caused  by  the  formation  of  oxygen 
vacancies. 


Fig.  6.  (a)  Co  LiUII-edge  (b)  0  K-edge  spectra  of  LiCo02  and  LiMgyCoi_y02  (y  =  0.1, 0.15) 
cathode  material. 


3.5.  0  K-edge  XAS 

The  pre-edge  peak  positions  and  intensity  of  oxygen  K-edge  XAS 
spectra  provide  important  structural  information  about  the 
bonding  between  transition  metal  atoms  and  oxygen  ligands.  The  O 
K-edge  XAS  of  the  Mg-doped  LiCo02  system  is  shown  in  Fig.  6(b). 
Pre-edge  peaks  below  ~  535  eV  all  correspond  to  the  transition  of 
oxygen  1  s  electron  to  the  hybridized  state  of  the  transition  metal  3d 
and  oxygen  2p  orbitals  [30],  whereas  the  broad  peaks  in  the  higher 
energy  region  above  ~  545  eV  correspond  to  the  transition  to  hy¬ 
bridized  states  of  the  2p  oxygen  and  4sp  transition  metal  orbitals 
[31]. 

Two  major  changes  in  the  spectral  features,  caused  by  Mg 
doping,  were  observed  in  the  pre-edge  region:  a  shift  to  higher 
threshold  energy  in  the  pre-edge  peak  position  and  a  decrease  in 
the  integrated  peak  intensity.  The  peak  intensity  decreases  with  an 
increase  in  amount  of  Mg  doping.  The  variation  of  the  peak  in¬ 
tensity  with  Mg  doping  can  give  important  structural  information 
about  the  whole  state  distribution.  As  the  density  of  the  empty 
bound  state  at  the  molecular  level  is  related  to  the  hybridization  of 
Co  3d-0  2p  orbitals,  the  decrease  in  the  peak  intensity  is  due  to  a 
decrease  in  bond  covalency.  The  variation  of  bond  covalency  is 
probably  due  to  molecular  re-hybridization  between  the  Co  3d-0 
2p  orbitals,  resulting  from  local  structural  distortion  around  the  Co 
ion,  due  to  the  presence  of  oxygen  vacancies.  It  has  previously  been 
reported  that  octahedral  distortion  can  lead  to  changes  in  bond 
covalency  [30,32]. 

The  chemical  shift  in  the  ligand  Is  core  threshold  energy  is 
related  to  the  effective  charge  on  the  ligand.  Higher  excitation  en¬ 
ergy  is  required  for  oxygen,  having  a  higher  degree  of  oxidation,  in 
order  to  promote  the  oxygen  1  s  electron.  Therefore,  the  threshold 
energy  shift  (with  Mg-doping)  to  a  higher  energy  level  can  be 
attributed  to  oxygen  sites  being  in  higher  oxidation  states  indi¬ 
cating  that  charge  compensation  for  Mg-doped  LiCoC^  materials 
can  also  be  partially  achieved  at  the  oxygen  sites.  The  participation 
of  oxygen  in  compensating  charge  variations  in  cathode  materials 
has  also  been  noted  theoretically  by  Ceder  et  al.  [33],  and  experi¬ 
mentally  by  Yoon  et  al.  30] 

The  Co  K-edge  and  L-edge  XAS  spectra  show  the  oxidation  state 
of  Co  to  be  3+  for  all  Mg-doped  samples.  The  formation  of  oxygen 
vacancies  compensates  the  charge  balance  resulting  from  Mg 
doping.  Partial  charge  compensation  also  occurs  at  oxygen  sites, 
where  some  electron  density  is  resulting  in  the  nucleus  strongly 
binding  the  residual  electrons,  thereby  requiring  higher  X-ray  en¬ 
ergies  to  excite  the  1  s  electron  from  the  bound  state  to  the  empty 
unoccupied  orbital. 

4.  Conclusion 

Pure  phase  LiCo02  and  LiMgyCoi_y02  (y  =  0.1,  0.15)  powders 
were  successfully  synthesized  using  a  microwave  based  synthetic 
procedure.  The  best  electrochemical  performance  was  found  with 
LiMgo.15Coo.85O2.  The  Co  K-edge  and  L-edge  XAS  spectra  showed 
Co  to  be  in  the  3+  oxidation  state  for  all  the  Mg-doped  LiCo02 
samples.  The  formation  of  oxygen  vacancies  is  ascribed  to  charge 
balance  compensation.  For  the  O  K-edge  XAS,  the  threshold  energy 
shifting  to  a  higher  energy  on  Mg  doping  can  be  assigned  to  the 
oxygen  sites  being  in  higher  oxidation  states,  this  also  indicates 
that  charge  compensation  for  Mg-doped  LiCoC^  materials  can  also 
be  partially  achieved  at  the  oxygen  sites.  From  the  EXAFS  results,  it 
is  found  that  Mg  is  mainly  confined  to  the  transition  metal  layer 
where  it  contributes  to  oxygen  vacancy  formation.  The  Mg  in  the 
transition  metal  layer  together  with  a  Co-defect  structure  is 
thought  to  jointly  contribute  to  the  enhanced  performance  of  Mg- 
doped  LiCo02. 
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